A mixture of MgO and graphite with a molar ratio (1 : 1) was subjected to planetary ball milling for 1, 2, 4, and 8 h with the intention of enhancing carbothermic reduction reaction of MgO during subsequent thermal treatment. Unmilled and milled mixtures were characterized using a combination of X-ray diffraction (XRD) analysis, Raman spectroscopy, scanning electron microscopy (SEM), surface area analysis (SSA), and thermogravimetric analysis (TGA). The reduction reaction of milled samples occurred at lower temperature than that of the unmilled sample. A longer milling time engenders a lower reaction temperature. These results are attributable to the increased interfacial area of the sample mixture, nanometer-size refinement of MgO crystallites and amorphization of graphite obtained using the milling process.
Introduction
In recent years, magnesium has attracted strong interest as a possible high-performance hydrogen storage material. 1) Its storage capacity is limited by material weight. Therefore, considerable attention has been given to lightweight materials. 2) The carbothermic reduction of magnesia to produce magnesium offers the possibility of a lower-energy higher-productivity route for metal production than existing industrial routes. 3) The carbothermic reduction reaction and its Gibbs energy change (DG°) are presented using absolute temperature T as shown below. 4) MgO (s) ϩC (s) ϭMg (g) ϩCO (g) DG°(J/mol)ϭ608 000Ϫ287T .................. (1) Furthermore, fundamental studies have used magnesium vapor for refining molten steel. The magnesium vapor produced in situ by reaction (1) can be exploited to remove oxygen 5) and sulfur, 6) dissolved in the iron melt to obtain high-quality steels in steel making industry.
Moreover, magnesium oxide, a typical insulator, has found many important applications in catalysis, refractory, paint, and superconductor material industries. Recently, various MgO nanostructures such as nanowhiskers, nanosheets, 7) nanofibers, 8, 9) nanotubes, [10] [11] [12] nanorods, 11) nanowires, [11] [12] [13] nanobelts, 9, 11) and hierarchical nanostructures 13) have been synthesized through re-oxidation of Mg vapor formed by carbothermic reduction reactions.
Reaction (1) is favored at temperatures higher than 1 700°C. Total product gas pressure of 1 atm is achieved at 1 764°C. 4) This reaction was investigated in previous studies. [14] [15] [16] [17] [18] Mechanical milling is an attractive process for lowering the reduction reaction temperature. In general, intensive milling can create large new surfaces, particle size reduction, and formation of dislocations and point defects in the crystalline structure. 19) Results show that chemical reactions that normally take place only at very high temperatures are often realized at markedly lower temperatures using high-energy ball milling.
Previous reports have described the mechanically activated reduction of CuO, 20) 31) and SrSO 4 32) with graphite. The mechanical activation process provides a means to increase the kinetics of solid-state carbothermic reduction reactions substantially. The mechanical milling ensures that reactants are always in direct contact. As a consequence, the reaction rates are not determined by diffusion through product phases, but are maintained dynamically using the milling action. No report in the relevant literature describes the application of mechanical activation in carbothermic reduction of magnesia.
This study was conducted to investigate the effect of mechanical ball milling of the starting mixture (MgOϩ graphite) on the carbothermic reduction of magnesia. For this purpose, fundamental characteristics of the intensively milled magnesia-graphite mixtures were examined using Xray diffraction (XRD) analysis, Raman spectroscopy, scanning electron microscopy (SEM), specific surface area analysis (SSA), and thermogravimetric analysis (TGA).
Experimental

Sample Preparation
Starting materials consisted of magnesium oxide (Ͼ99.9% MgO, 0.2 mm particle size) and graphite (Ͼ98 %, 45 mm particle size) provided by Wako Pure Chemical Industries Ltd., Japan. The composition of the mixture was set equal to the stoichiometry of the carbothermic reaction (molar ratio 1 : 1). The mixture of 5.0 g was milled using a planetary ball mill (Pulverisette-7; Fritsch GmbH, Germany), which has zirconia vials (45 cm 3 inner volume) filled with 24 10mm-diameter zirconia balls. The ball-to-powder weight ratio was fixed at 15 : 1. The milling speed in this work was kept constant at 700 rpm. Milling was performed for different durations up to 8 h in air atmosphere. The milling experiments were continued for 15 min at 15 min intervals to prevent a temperature rise in the mill. Unloading of the vials was conducted in a high-purity argon glove box. For comparison, one mixture of magnesia and graphite loaded to the mill run for 1 h with no balls was considered to be physically well mixed and was called unmilled. The milled samples were sealed into glass tubes and kept in a vacuum desiccator until they were used.
Sample Characterization
X-ray powder diffraction (XRD) analysis was conducted using a system (RINT-2000/PC; Rigaku Corp.) with a Cu Ka irradiation source (0.15405 nm wavelength) at 40 kV and 20 mA for samples after milling. Samples were analyzed in a continuous 2q scan mode between 10°and 70°. The XRD patterns of the samples were recorded using a step size of 0.02°and a counting time of 1 s per step. The size of crystallites was determined based on XRD peak broadening using the Scherrer formula. 33) Raman spectra were recorded using a single monochromator (TRIAX 320; Jobin Yvon-Spex) with a Rayleigh rejection holographic notch filter and a charge-coupled device (CCD) detector. The spectra were measured in a backscattering geometry with the laser focused through the objective lens at 50-fold magnification on a microscope (BH-2; Olympus Optical Co., Ltd.). The 514.5 nm line of an argon-ion laser (Innova 310; Coherent Inc.) was used for excitation at 3 or 15 mW (depending on the sample) output power.
The specific surface area (SSA) of samples was measured using nitrogen adsorption-desorption isothermal measurements at 77 K (ASAP-2010; Micrometrics Inc., Shimadzu Corp., Japan) based on a BET method. Morphology and sizes of the samples were characterized using a (JCM-5700; JEOL) scanning electron microscope (SEM) equipped with a tungsten emission source with 15 kV.
Thermogravimetric Analysis
The samples were subjected to thermogravimetric analysis (TGA, model 8120; Rigaku Corp., Japan) in a high-purity argon flow at 50 mL · min Ϫ1 at a heating rate of 20°C · min Ϫ1 . The TGA system has a detection precision of 1 mg for temperatures up to 1 500°C. The system was connected to a computer data acquisition and analysis system. The dimensions of the alumina crucible used in the TGA are 4 mm inside diameter and 3 mm height. To correct the effect of the graphite oxidation on the mass loss of the sample, similar experiments were conducted using milled graphite as a sample. Graphite oxidation was reduced to a negligible amount (less than 1.0 %) by purging the instrument with high-purity argon at a rate of 50 mL · min Ϫ1 for 2 h before starting the heating program. Figure 1(a) shows unmilled powder of widely various sizes with particles up to 40 mm. All particles show some sharp edges; they are somewhat angular. It shows that the magnesia particles (Periclase) have a regular cubic shape and homogeneous size ( Fig. 1(a) ; inset), whereas graphite particles have a flake geometry. Figures 1(b) and 1(c) show how prolonged milling increases the degree of agglomeration. Apparently, the massive and compact agglomerates form after 8 h of milling. Intimate mixing between magnesia and graphite particles was achieved during this process. This behavior is common during dry grinding. It is usually explained by agglomeration of structurally modified particles following the particle size reduction, which occurs because of the tendency of the fine powdered material to reduce its surface energy. The adherence of particles sets in © 2010 ISIJ as a consequence of van der Waals adhesion forces. 34) 
Results
SEM Observation
XRD Analysis
The X-ray diffraction patterns of the unmilled and milled samples are presented in Fig. 2 . The XRD peaks of magnesia were broadened during milling with a simultaneous decrease in their intensity attributable to reduction of crystallite size and accumulation of micro-strain. The main graphite peak (002) diminished and disappeared after 1 h of milling. The possibility of amorphization of graphite was examined using Raman spectroscopy, as described in the next section. Here, t is the crystallite size of MgO, l is the X-ray wavelength (0.15405 nm), B is the full width at half maximum (rad) of the diffraction peak and q B is the Bragg diffraction angle. The average size of MgO crystallites decreases rapidly during the initial stages of milling and then levels off, indicating that further size reduction is impossible using the ball mill used for this study.
Raman Spectroscopy
Raman spectra of the milled samples are portrayed in Fig. 4 . No marked peak related to magnesium oxide component was observed during Raman spectroscopy. The peaks at 1 360 cm Ϫ1 and 1 580 cm Ϫ1 are well-known graphite D-peaks and G-peaks, which relate to graphite sp 2 -bonding. The lower of these peaks is not observed in single crystalline graphite because it is associated with structural disordering and its position is reported to change with excitation wavelength. 35) The unmilled sample exhibits an intense graphite band at 1 580 cm Ϫ1 . The 1 360 cm Ϫ1 band also appears very weakly in this sample. The 1 360 cm Ϫ1 Raman band increases gradually in intensity, becoming as strong as the 1 580 cm Ϫ1 band after 8 h milling. Reportedly, the relative intensity ratio of the 1 360 cm Ϫ1 band to the 1 580 cm Ϫ1 graphite band increases from natural graphite through polycrystalline graphite up to amorphous carbon; it is useful as a measure of imperfection of the graphite layer planes. 36, 37) increases rapidly in the early stage of milling and reaches about 109 m 2 · g Ϫ1 after 1 h of milling. Additional milling gives a gradual decrease in SSA value because the agglomeration of fine particles takes place aside from the size reduction. The SSA value remains almost unchanged with further milling up to 8 h. The powders would give out a higher value of SSA if the aggregate were dissociated into first order fine grains. Figure 6 presents typical behavior of unmilled MgO and graphite mixture in argon gas flow: variation of weight loss as a function of temperature during continuous heating. This result is consistent with those reported by Li et al., [14] [15] [16] Hong et al., 17) and Okumura 18) for carbothermic reduction of magnesia without premilling. The weight loss increased concomitantly with increasing temperature gradually up to a certain temperature, beyond which it started a sharp increase. This temperature was designated as the starting temperature T s . Hong et al. 17) reported that the value of T s is affected by the experimental conditions such as the heating rate. In addition, Li et al. 14, 15) indicated two distinct stages of weight loss during carbothermic reduction of magnesia. In stage I (temperatures less than 1 480°C), the reduction rate is extremely slow, and in stage II (temperatures greater than 1 480°C), the sample weight changes sharply with the temperature increase. The decrease in sample weight in the low-temperature range (stage I) corresponds to the direct solid-state reaction between the magnesia and carbon particles as presented by Reaction (1).
Specific Surface Area Analysis
Thermogravimetric Analysis
The rapid weight loss in the high-temperature range (stage II) corresponds to the indirect reduction or gaseous reduction reactions. To study the effects of milling, samples milled under different conditions were analyzed using the TGA. The TGA curves for 1, 2, 4, and 8 h milled samples in comparison with unmilled sample are portrayed in Fig. 7 . The figure shows that milling caused a marked reduction of the reac-tion temperature. The samples milled for 1 h and 2 h exhibit a two-stage mechanism occurring at around 1 400°C. Further milling engenders an increase in weight loss in the lower temperature range; the onset temperature (T s ) is not clear for the samples milled for 4 h or longer. Weight losses during continuous heating to 1 500°C are, respectively, 24, 40, 51, 58, and 67 wt%. Therefore, the longer a sample is milled, the more rapidly it exhibits weight loss during heating. These results confirm that the carbothermic reaction sequence was shifted to lower temperatures by the milling treatment.
Discussion
The MgO and graphite mixture after milling are characterized as follows. The milling process engenders the formation of amorphous graphite phase, the refinement of magnesia crystallites, a large increase in the SSA value, and the formation of homogeneous composite of particles/agglomerates of MgO and graphite. Samples after milling consisted of nanocrystalline agglomerates with crystallite sizes of approximately 15 nm.
The initial rate of the reaction (1), v (mol · m Ϫ2 · s Ϫ1 ), is expressed by Eq. (5) if the backward reaction is negligible.
................. (5) Here, A signifies the reaction interfacial area (m 2 ), n MgO is the amount of reduced MgO (mol), k denotes the rate constant and a i stands for the activity of i. Figure 6 shows that the solid-state reduction reaction (1) occurs at the interface between MgO and graphite particles at the first stage during heating. Consequently, the amount of reduced MgO per unit time (dn MgO /dt) is enhanced by the increased interfacial area between MgO and graphite particles, which can be realized by decreasing the particle size and homogeneity of mixtures.
Based on the results presented in Figs. 2 to 5, the milling process may be divided into two stages: (1) during the initial stages of milling within 2 h, the particle/crystallite size decreased rapidly with a corresponding increase in the specific surface area; and (2) thereafter, the particle size and the surface area remain stable or varies very slowly with further milling. However, the degree and homogeneity of carbon mixing with MgO is expected to increase steadily as milling time increases, and this may affect on the subsequent TGA behavior. There is also some morphological difference between 1-h-milling and 8-h-milling samples that was evidenced with SEM observation as shown in Fig. 1 . It seems that by increasing the milling time, the degree of agglomeration was increased. By increasing the milling time, the compaction of particles in these agglomerates would be increased, which provides closer contact between magnesia and carbon particles. Therefore, the homogeneity of the mixture and the effect of agglomeration will be responsible for the subsequent TGA behavior. The powder mixture after milling is expected to have a higher Gibbs energy than that before milling because of the formation of nanometer-sized MgO crystallite and amorphization of graphite phase. The increase in the Gibbs energy (activity) of the reactants contributes to an increase of the reaction rate according to Eq. (5). However, this effect on the reaction kinetics can not be discussed quantitatively here.
Conclusion
This study has demonstrated that the carbothermic reduction of MgO can be enhanced greatly by mechanical milling. The milling remarkably decreased the starting temperature of the reduction reaction. This effect resulted from the nano-size refinement of MgO crystallites, formation of amorphous graphite phase and the large increase in the interfacial area of powders obtained through the milling process.
